The P450 2E1-catalyzed oxidation of ethanol to acetaldehyde is characterized by a kinetic deuterium isotope effect that increases K m with no effect on k cat , and rate-limiting product release has been proposed to account for the lack of an isotope effect on k cat (Bell, L. C., and Guengerich, F. P. (1997) J. Biol. Chem. 272, 29643-29651). Acetaldehyde is also a substrate for P450 2E1 oxidation to acetic acid, and k cat /K m for this reaction is at least 1 order of magnitude greater than that for ethanol oxidation to acetaldehyde. Acetic acid accounts for 90% of the products generated from ethanol in a 10-min reaction, and the contribution of this second oxidation has been overlooked in many previous studies. The noncompetitive intermolecular kinetic hydrogen isotope effects on acetaldehyde oxidation to acetic acid ( (5, 6). Although a few general catalytic mechanisms appear to be operative for most of the reactions catalyzed by the P450s (Fig. 1) (7-9) , certain features such as rate-determining steps and substrate interactions can vary considerably (8, 11, 12) . P450 2E1 is considered to be one of the major human hepatic P450 enzymes (13). Human P450 2E1, as well as the animal orthologs, accepts a broad range of substrates, with apparent preference for small and hydrophobic molecules (4, 14, 15). P450 2E1 is notably active in the oxidation of many low M r volatile solvents with common industrial applications and issues of cancer risk (16, 17) .
The microsomal cytochrome P450 1 enzymes are the major enzymes involved in the oxidation of xenobiotic chemicals in eukaryotes (3) (4) (5) . The P450 monooxygenases catalyze a multitude of oxidation reactions, such as hydroxylation of aliphatic and aromatic carbons, epoxidation of olefins, N-dealkylation of amines, and O-dealkylation of ethers (5, 6) . Although a few general catalytic mechanisms appear to be operative for most of the reactions catalyzed by the P450s (Fig. 1 ) (7-9), certain features such as rate-determining steps and substrate interactions can vary considerably (8, 11, 12) . P450 2E1 is considered to be one of the major human hepatic P450 enzymes (13) . Human P450 2E1, as well as the animal orthologs, accepts a broad range of substrates, with apparent preference for small and hydrophobic molecules (4, 14, 15) . P450 2E1 is notably active in the oxidation of many low M r volatile solvents with common industrial applications and issues of cancer risk (16, 17) .
Many P450 2E1 reactions have been characterized, at least in terms of the products (17, 18) , and the Michaelis-Menten constants have been determined. Some reactions have been further studied by employing isotopic substitution of the substrate. Deuteration of several P450 2E1 substrates results in a 3-5-fold decrease in k cat /K m without any effect on k cat (19) . One example is the P450 2E1-catalyzed oxidation of ethanol to acetaldehyde (10, 19) . This laboratory, as well as others, has indicated that this kinetic hydrogen isotope effect can been explained by rate-limiting product release following the isotopically sensitive and essentially irreversible C-H bondbreaking step (19, 20) , and experimental evidence has been offered in support of this model (10) . A carbonyl product is generated in each of the oxidation reactions displaying this pattern of isotope effects (19, (21) (22) (23) (24) . Kunitoh et al. (25) and Terelius et al. (26) have previously reported that acetaldehyde, generated from ethanol oxidation, serves as a substrate for P450 2E1 and is oxidized to acetic acid. We have used steady-state, rapid quench, and pulse-chase kinetic experiments to analyze the sequential oxidations that convert ethanol to acetaldehyde and, ultimately, to acetic acid. KINSIM and FITSIM computer simulations are presented for ethanol oxidation by P450 2E1, and a sequential oxidation mechanism involving a rate-determining step between product formation and release is postulated.
MATERIALS AND METHODS
Enzymes-Rabbit NADPH-P450 reductase and rabbit cytochrome b 5 were purified as previously reported (27) (28) (29) . Recombinant human P450 2E1 was expressed in Escherichia coli and purified essentially as described (15) . Saccharomyces cerevisiae pyruvate decarboxylase, stabilized with thiamine pyrophosphate, was purchased from Sigma and dialyzed at 4°C against 3 ϫ 500-fold volumes of 50 mM potassium phosphate buffer (pH 6.5) in 2 H 2 O (Aldrich; 99.9% atomic excess) prior * This research was supported in part by U.S. Public Health Service Grants R35 CA44353 and P30 ES00267. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ Supported in part by U.S. Public Health Service Training Grant T32 ES07028. 1 The abbreviations used are: P450, microsomal cytochrome P450 (also termed heme-thiolate protein P450 by the Enzyme Commission, EC 1.14.14.1 (1)); HPLC, high performance liquid chromatography. The (2) ; NEN Life Science Products), and 50 mM potassium phosphate buffer (pH 6.5) in a total reaction volume of 200 l (31). The synthetic reaction proceeded overnight at 25°C in a glass reaction vial with a Teflon-lined rubber septum. The disappearance of [
14 C]pyruvic acid was monitored by ion pair HPLC essentially as described (32) , except that an isocratic mobile phase of 10 mM tetra-n-butylammonium hydrogen sulfate, pH 6.5, was used, and product elution was measured by UV spectrometry ( 210 nm).
Upon completion of the reaction, 10 l of potassium phosphate buffer (pH 8.0) was added to the reaction mixture to raise the pH to slightly basic. The reaction mixture was chilled to 4°C to avoid evaporation of the acetaldehyde product and then loaded onto a Bakerbond TM quaternary amine 3-ml SPE column that had been washed with CH 3 OH and equilibrated with H 2 O as described for steady-state acetaldehyde oxidation assays (see below). The product was eluted with 3 ml of H 2 O, and the eluent was collected in ϳ150-l fractions. The major radioactive fractions were pooled, and the [1-2 H,1-14 C]acetaldehyde concentration was determined by liquid scintillation spectrometry based on the 14 C specific activity of 16.6 mCi mmol Ϫ1 indicated by the supplier. The identity of the product was confirmed by derivatization with 2,4-dinitrophenylhydrazine (33) followed by NMR and electrospray mass spectrometry. Based on 1 H NMR spectrometry (C 2 HCl 3 , ␦ 7.55 for the H-1 proton of the derivatized aldehyde), 2 H incorporation was estimated to be Ն99 atom %.
Aldehyde Oxidation Assays-P450 2E1 (1.0 M) was reconstituted with cytochrome b 5 (2.0 M), NADPH-P450 reductase (3.0 M), and L-␣-dilauroyl-sn-glycero-3-phosphocholine (30 M) in 100 mM potassium phosphate buffer, pH 7.4. For steady-state measurements, 100-l reactions were initiated with an NADPH-generating system (34) and incubated for 10 min at 37°C in reaction vials sealed with Teflon-lined rubber septa. [1- 14 C]Acetaldehyde (0 -1.0 mM), [1-2 H,1-14 C]acetaldehyde (0 -6.0 mM), or [1- 14 C]formaldehyde (0 -3.0 mM) was also included in the incubation mixture. Reactions were terminated with 20 l of a mixture of 17% ZnSO 4 (w/v). The quenched reaction mixture (100 l) was loaded onto a Bakerbond TM quaternary amine SPE 3-ml extraction column that had been washed with CH 3 OH and equilibrated with H 2 O. After loading, the reaction mixtures were applied, the columns were washed with 3 column volumes of H 2 O, and the [ 14 C]acetic acid product was eluted with 2.0 ml of 1 N HCl. The radioactive product was collected and counted by liquid scintillation spectrometry, with calibration of counting efficiency using external 14 C-toluene standards. Ethanol Oxidation/Competition Experiments-In competition experiments, P450 2E1 was reconstituted as described for aldehyde oxidation assays. Ethanol (20 mM) was added to the reaction mixture. Acetic acid (0 -50 mM, as indicated) was included as the competitive ligand. Ethanol oxidation reactions were initiated with an NADPH-generating system (34) and then proceeded for 10 min at 37°C in reaction vials sealed with Teflon-lined rubber septa. Reactions were terminated with 20 l of a mixture (1:1, v/v) of 17% ZnSO 4 (w/v) and 0.55 mM semicarbazide and saturated Ba(OH) 2 (5 l), followed by centrifugation (three times at 10 3 ϫ g for 10 min) to remove protein and salts. The acetaldehyde product was derivatized to form the 2,4-dinitrophenylhydrazone (33) and then analyzed by HPLC using a Zorbax 6.2 ϫ 80-mm octadecylsilane reversed-phase analytical column (3 m, DuPont) (H 2 O:CH 3 CN, 45:55, v/v; flow rate 2.0 ml min Ϫ1 ), monitoring A 340 (35) . Acetic acid generated from [1- 14 C]ethanol was quantitated as described above. Apparent Isotope Effect Determination-Deuterium isotope effects were determined by a noncompetitive method (2) . P450 2E1 was incubated with unlabeled (d 0 ) acetaldehyde or [1- 2 H]acetaldehyde (d 1 ), and the products were analyzed as described. K m and k cat were calculated using the k⅐cat nonlinear regression program (Bio-Metallics, Princeton, NJ).
Pre-steady-state Kinetics-Pre-steady-state acetaldehyde oxidation reactions were done in a quench-flow apparatus (model RQF-3, KinTek Corp., State College, PA). P450 2E1 (50 pmol) was reconstituted as described above and incubated in the presence of 200 M [1-
2 H]acetaldehyde in a total volume of 25 l (per injection). Reactions were initiated by rapid mixing with 25 l of 1.0 mM NADPH (50-l total reaction volume) for a period of time ranging from 2 ms to 2 min (as indicated) at 37°C. In a similar reaction, ethanol oxidation was initiated by the addition of ethanol to reconstituted P450 2E1 (10) . Reactions were quenched with 2.0% ZnSO 4 (w/v), and acetic acid was quantitated as described for steady-state reactions.
Kinetic Pulse-Chase Experiments-Kinetic pulse-chase experiments were conducted in a manner similar to the pre-steady-state experiments. Reconstituted P450 2E1 (50 pmol), preincubated with 10 or 30 mM [1- 14 C]ethanol, respectively), was rapidly mixed (using a quench-flow apparatus) with an equal volume of 1.0 mM NADPH. Reactions proceeded for 2 or 100 ms prior to being chased with a 5-fold volume excess of either H 2 O or 3 mM unlabeled acetaldehyde. The reaction continued for an additional 10 s before being quenched with 10 l of 2.0% ZnSO 4 (w/v). The [
14 C]acetic acid product was analyzed as described using Bakerbond TM quaternary amine 3-ml SPE columns. Evidence of dissociation of the intermediate, acetaldehyde, was observed as dilution of specific activity in the product (acetic acid).
Estimation of Binding Constants-P450 2E1 (1.0 M) in 100 mM potassium phosphate buffer (pH 7.4, 2.0-ml total volume) was divided equally between two cuvettes, and a base-line spectrum was acquired from 340 to 480 nm using an OLIS-Aminco DW2a spectrophotometer (On-Line Instrument Systems, Bogart, GA). To the sample cuvette, 0.3 or 3.0 M 4-methylpyrazole was added, and the resulting "Type II" binding spectrum was recorded and designated as "100% binding." Aqueous potassium acetate (pH 7.4, 0 -35 mM) or acetaldehyde (0 -15 mM) was titrated into both the sample and reference cuvettes, and disappearance of the 4-methylpyrazole-induced Type II binding spectrum was quantified on the basis of the decrease in the absorbance difference (⌬A) between 424 and 389 nm (⌬A ϭ A 424 Ϫ A 389 ).
Kinetic Simulations by Computer Modeling-Simulations modeling the observed kinetic data for ethanol oxidation by P450 2E1 were done by mathematical analysis using KINSIM for PC (April 3, 1997 version), obtained from Prof. C. Frieden (Washington University, St. Louis, MO) (36) . Regression analysis was performed using the companion program FITSIM (37) . Both programs were run in DOS version 7.0 on an IBM personal computer. Final fitting was done using FITSIM. Iterative nonlinear regression analysis of the curves is useful for further refinement of kinetic constants and for overall evaluation of the kinetic model based on the fit of the simulation to the experimental data.
RESULTS
Steady-state Kinetic Parameters-For several oxidations catalyzed by P450 2E1, deuterium substitution of the substrate produces an apparent isotope effect on V/K but not on V (k cat ). Ethanol is oxidized to acetaldehyde by this P450, and ratelimiting product release has been proposed for this reaction (10, 19) . Acetaldehyde, the product of one such reaction characterized by this pattern of isotope effects, has been reported to be a substrate for P450 2E1 (25, 26) . Acetaldehyde was oxidized by P450 2E1 with a value of k cat /K m at least 1 order of magnitude greater than for ethanol oxidation to acetaldehyde (Table I ). The K m parameter for the oxidation of acetaldehyde showed more variability than other parameters. For instance, a different preparation of P450 2E1 (than the one used in Table I ) yielded k cat ϭ 8.6 Ϯ 0.8 min Ϫ1 and K m ϭ 22 Ϯ 3 mM for the oxidation of ethanol to acetaldehyde and k cat ϭ 8.2 Ϯ 0.8 min
Ϫ1
and K m ϭ 86 Ϯ 7 M for the oxidation of acetaldehyde to acetic acid, for an enzyme efficiency (V/K) 240-fold better for the latter reaction. In all work presented in the rest of this paper, direct comparisons of parameters were made only with the same enzyme preparations.
Following deuterium substitution of the proton at the C-1 position of the acetaldehyde, a deuterium isotope effect on k cat /K m ( D (V/K)) of 4.5 for the oxidation of acetaldehyde to acetic acid was measured (Fig. 2) . By contrast, only a minimal isotope effect on k cat for this reaction was observed, D V ϭ 1.4. In a reaction mixture that included only 2.0 mM ethanol as substrate, a concentration considerably lower than the K m for oxidation to acetaldehyde, there was little acetaldehyde product detected throughout the time course (Fig. 3) . However, considerable formation of acetic acid was detected, ϳ10-fold more than the amount of aldehyde detected after 10 min. The apparent Michaelis-Menten constants for conversion of ethanol to acetic acid were determined for the overall reaction (Table I) .
Pre-steady-state Kinetics-In order to evaluate the potential for rate-determining product release within the context of acetaldehyde oxidation to acetic acid, it was necessary to follow pre-steady-state reaction kinetics in a single turnover experiment. Rapid quench kinetic studies demonstrated a rapid phase of acetic acid formation that includes the first turnover of the enzyme, stoichiometric with the amount of P450 2E1, and is over within ϳ100 ms (Fig. 4A) . This "burst" is followed by a much slower phase of product formation, occurring at a rate similar to that measured in steady-state rate experiments. The rapid, pre-steady-state rate of product formation is ϳ400 min Ϫ1 (Fig. 4B) , much faster than the k cat of 8 min Ϫ1 (Table I) . Such a burst of product formation is indicative of a rate-limiting step occurring after product formation.
Competition Experiments-Acetic acid was added to P450 2E1 reactions as an inhibitor of the oxidation of ethanol to acetaldehyde. In these competition experiments, the concentration of the substrate ethanol was equal to the K m for this reaction (Table I) . Even at a concentration as high as 50 mM acetic acid, the rate of ethanol oxidation to acetic acid was decreased Ͻ5% (results not shown). This result is interpreted as an indication of poor affinity of the competitor, acetic acid, for the enzyme.
Estimation of Binding Constants for Acetaldehyde and Acetic Acid-The affinity of ligand binding to P450s can often be estimated using characteristic UV-visible binding spectra (340 -480 nm), which result from perturbation of the heme in the presence of ligand. Acetaldehyde and acetic acid failed to reliably produce any such spectral changes in the P450 2E1 spectra. 4-Methylpyrazole, a high affinity competitive inhibitor of P450 2E1 reactions (38) , binds to P450 2E1 to induce a "type II" spectral shift, with a minimum at 389 nm and a maximum at 424 nm characteristic of nitrogenous ligands.
Acetaldehyde or acetic acid was titrated into a mixture of P450 2E1 ( Pulse-Chase Experiments-In a sequential reaction mechanism, the possibility exists that the initial substrate, once oxidized, can remain in the catalytic pocket of the enzyme as a substrate for a subsequent reaction, without exchange with the medium. Pulse-chase experiments were designed such that radiolabeled ethanol was converted to radiolabeled acetaldehyde (0 -100 ms), and the reaction was chased with carrier acetaldehyde, at a concentration of 20 mM (10-fold above its K m ). Radiolabel in the final product, acetic acid, is observed only if the labeled intermediate, acetaldehyde, is retained in the enzyme active site for oxidation. In these experiments, 40 and 80% of the radiolabel was recovered in the product acetic acid in reactions containing 5 and 15 mM [1-
14 C]ethanol (K m ϭ 20 mM), respectively (Table II) .
DISCUSSION
In a previous study, we characterized the P450 2E1-catalyzed oxidation of ethanol to acetaldehyde and rationalized the observed kinetic deuterium effect on K m in terms of an intrinsic isotope effect on C-H bond breaking and burst kinetics, interpreted to result from a (steady-state) rate-determining step following product release (10) . We have now characterized the P450 2E1-catalyzed oxidation of acetaldehyde to acetic acid and also find burst kinetics and a kinetic deuterium isotope effect on K m (but not k cat ). A simplified interpretation of this reaction is that developed for ethanol oxidation (10) , where (using the steps labeled in Fig. 1 )
and
(where [E] T is the total enzyme concentration). A more general description of K m is provided with the simplified model of Kuby (39) ,
where S is the substrate acetaldehyde and P is the product acetic acid (10). As before (10, 39), and
which can be reduced to
and attenuation of k 3 (Equation 7) due to hydrogen substitution can raise K m (10).
2
The P450 2E1-catalyzed conversion of ethanol to acetic acid was studied as an example of a multistep oxidation pathway. The time course of the reaction (at low ethanol concentration) was characterized by a lag in the formation of acetic acid, a low steady-state level of acetaldehyde, and the recovery of a large fraction of the total product as acetic acid after 10 min at 37°C (Fig. 3) . Pulse-chase experiments, patterned after the work of others (41, 42) , indicate that most of the acetaldehyde formed does not dissociate readily from the enzyme and equilibrate with a pool of acetaldehyde in the medium (Table II) .
Several P450 enzymes catalyze multistep enzyme reactions. Of particular physiological relevance are several involved in steroid oxidations, e.g. P450s 11B, 17A, 19, 24, 27, and 51 (41) (42) (43) (44) (45) . These reactions usually consist of three consecutive two-electron oxidation steps. Most are considered to involve little exchange of the reaction intermediates with the medium, with increased affinity of intermediates (relative to the first substrate) offered as the rationale. We originally considered slow release of the product acetaldehyde as the basis for the burst kinetics observed in ethanol oxidation (10) . However, as we pointed out previously (10), our results can be explained by any rate-determining step following product formation. We find that neither ethanol, acetaldehyde, nor acetic acid have high affinity for oxidized P450 2E1, and a rate-determining step other than product release per se must be proposed.
Kinetic simulation approaches are valuable primarily in terms of their use in ruling out possible mechanisms. We applied KINSIM and FITSIM systems to the overall oxidation of ethanol to acetic acid, as well as the individual oxidation reactions. Several initial assumptions were made on the basis of the experimental results as follows. V values similar to those found for ethanol oxidation to acetaldehyde (Fig. 2) and is postulated to involve similar explanations, at least when the reaction involves the direct addition of acetaldehyde to P450 2E1 (see above). (vii) The chemistry step (involving C-H bond breaking) in the oxidation of acetaldehyde to acetic acid is rapid, as indicated by the (stoichiometric) burst kinetics (Fig.  5) . (viii) Binding of acetaldehyde to (oxidized) P450 2E1 is rapid, since burst kinetics were also observed when acetaldehyde was added to P450 2E1 from a separate syringe (results not shown).
A minimal KINSIM model for the overall scheme of ethanol oxidation to acetic acid is shown in Fig. 5A . Several points can be made regarding fits to this and other models (Fig. 5) as follows. (i) A slow step is required for the conversion of EЈI to EЈP (where I represents acetaldehyde and P represents acetic acid). If two rapid C-H bond breaking steps occur in succession and acetaldehyde is not readily released from the enzyme (Table II), no lag in acetic acid formation or appearance would be observed (Fig. 3). (ii) The best fits are seen with rates of chemistry steps (including C-H bond breaking) of ϳ1000 min Ϫ1 . These rates are not unreasonable in the context of measured rates of P450 2E1 reduction (10) and the knowledge that the rates measured in the burst experiments were made under conditions of less than saturating substrate conditions (Fig. 4 experiments. All of the models shown in Fig. 5 , A-C, were able to fit the time course (Fig. 3) 5D and 6 and Table III , with two distinct forms of the enzyme (E and EЈ) and two forms of the intermediate acetaldehyde, which may be the carbonyl (I) and the gem-diol (Q). A critical feature of the model proved to be the nonenzymatic interconversion of I and Q, assigned as the carbonyl and hydrated forms of acetaldehyde. The model of Fig. 5D could be used with some sets of rate constants that would satisfy all experimental observations, but introducing a slow equilibrium at step 11 was a major problem for matching the observed K m values. The nonenzymatic reaction is known to have K eq of ϳ1, with k 11 and k Ϫ11 both ϳ0.3 min Ϫ1 (46) . When k 11 and k Ϫ11 were set at 1 min Ϫ1 , all experimental constraints could be satisfied when k Ϫ8 was adjusted to the point that the reaction was irreversible. The model was then very sensitive to the rate used for k 8 , with the K m being very sensitive. With k 8 ϭ 6 ϫ 10 4 min Ϫ1 , good fits were obtained. This value yielded experimentally determined k cat /K m and D (V/K) values; higher rates for k 8 yielded high values for these two parameters and lower k 8 rates yielded low values. The step (k 8 ) is postulated to be the P450 2E1-catalyzed dehydration of the gem-diol of acetaldehyde. In principle, the rate of exchange of acetaldehyde in the presence of the protein could be measured, but the low affinity of acetaldehyde for P450 2E1 and the rate of nonenzymatic exchange make this experiment impractical. Fits of the model and parameters of Fig. 6 to the time course (Fig. 3) , ethanol and acetaldehyde burst results (Fig. 4) , and isotope effects (Table III) are presented. The K m values for the oxidation of acetaldehyde to acetic acid may appear to be somewhat low (Table I) , but, as pointed out under "Results," this parameter showed considerable variability. The predicted D (V/K) for this reaction is similar to the value determined experimentally. The predicted K d values for the two forms of acetaldehyde (Table III) A feature of this model is the use of a separate pathway for the oxidation of acetaldehyde depending upon whether the acetaldehyde is added directly or is formed from ethanol within the enzyme. Possibilities for chemical details are considered in the context of hydrated aldehydes and peroxo-iron chemistry (Fig. 7) . Oxidation of ethanol to acetaldehyde probably involves formation of a gem-diol, as shown with the classic hydrogen atom abstraction pathway (Figs. 1 and 7A ). Work by Vaz and Coon (48) with rabbit P450 2E1 showed incorporation of label from 18 O 2 into benzaldehyde (formed from oxidation of benzyl alchohol). The intrinsic hydrogen isotope effect (10) is also consistent with (but does not prove) the hydrogen abstraction mechanism. The product could be the gem-diol, which would be detected (as the 2,4-dinitrophenylhydrazone) during analysis. The prospect of iron-catalyzed dehydration of a product gemdiol has been proposed (48), although heme-bound iron is considered a poor Lewis acid (49) . If only the aldehyde (carbonyl form) is released, then P450 2E1 would have to catalyze dehydration of the gem-diol to yield a rate consistent with steadystate turnover (Table I) .
The form of a carbonyl used as substrate is a general problem with all enzymes utilizing aldehydes and ketones and is not trivial to answer except under special conditions (50, 51) . An explanation for the scheme is that the I and Q forms (Figs. 5D and 6) can be aldehyde carbonyl and gem-diol, respectively. There are possibilities for invoking alternate chemical oxidation mechanisms for the two chemical species, particularly in light of evidence for a peroxy-iron reaction pathway in the P450 oxidation of other aldehydes (Fig. 7) (52, 53) . Thus, the postulate can be made that one chemical form (aldehyde or gemdiol) 3 is formed from ethanol in the active site and proceeds directly, while an alternate reaction occurs with added acetaldehyde. Evidence has been presented that P450 19 shows differential kinetic hydrogen isotope effects in the first two steps (methyl hydroxylation, aldehyde formation) of androgen aromatization (43) . The K eq for acetaldehyde and its gem-diol is near unity at neutral pH (46) , and both forms of acetaldehyde are available when added to P450 2E1. Another possibility that might be considered is that the gem-triol form of the product carboxylic acid (Fig. 7B ) might undergo dehydration as a distinct reaction step. The rate of the nonenzymatic reaction can be calculated at 4 ϫ 10 3 s Ϫ1 (54), so this is presumed not be be a viable rate-determining step in the aldehyde oxidation reaction.
The E and EЈ forms shown in Figs. 5D and 6 could be the result of changes in protein conformation. Conformational changes have been speculated for other microsomal P450s, including P450s 1A2 and 3A4, the latter of which has been shown to exhibit cooperative behavior (55) . Fluorescence and circular dichroism spectroscopy have been used to investigate a potential conformational change for P450 1A2, and results indicate an increase in ␣-helical content correlated with enzyme activity (56) . Other reports of conformational changes in bacterial and eukaryotic P450s have been published (57, 58) ; however, there have been no reports suggesting a conformational change for a P450 2E1 enzyme. Conformational changes for prokaryotic P450s have also been revealed through x-ray diffraction analysis. Comparisons between a ferric camphorbound P450 101 binary complex and a ferrous CO-camphorbound ternary complex indicate conformational changes in the transition from ferric to ferrous P450 that include repositioning of heme iron in response to movement of the axial Cys ligand and broadening of the CO binding groove (59). Inhibitor-induced conformational changes in P450 101 have been reported (60) . Although the protein backbone and heme are essentially FIG. 5 . Kinetic models for simulation of P450 2E1-catalyzed ethanol oxidation to acetaldehyde and acetic acid. S, ethanol; I, acetaldehyde; P, acetic acid; E, P450 2E1. EЈ represents a conformationally modified form of the enzyme or possibly a chemically distinct substrate, intermediate, or product complex. In the use of the KINSIM programs, ϭϭ denotes a step governed by an infinitely rapid equilibrium and only controlled by the K eq ; ϭ indicates a step governed by both the forward (k) and reverse (Ϫk) rate constants (36) . Mechanism 4 (panel D) was utilized in the fits presented later, where E represents P450 2E1, EЈ represents a conformationally modified form of P450 2E1 formed during the process of substrate oxidation, S represents ethanol, I represents a form of acetaldehyde (postulated to be the aldehyde carbonyl), and Q represents a form of acetaldehyde different from I, postulated to be the gem-diol). See Fig. 6 for rate constants of individual steps. unchanged, dramatic side-chain rearrangement in the substrate binding channel accompanies inhibitor binding. Modeling studies with P450 102 predict an even more dramatic conformational change leading to closure of the substrate access channel following substrate binding (58) . In the schemes of Figs. 5D and 6, one form of the enzyme, E, is shown in the start of an oxidation reaction, and the form EЈ is shown at the end of the reaction. A return of EЈ to E is required for the subsequent oxidation to begin.
The relevance of these results to other P450 reactions can be considered. Comparisons with multistep steroid hydroxylases have already been made (see above). P450 2E1-catalyzed desaturation of urethane is followed by a more efficient epoxidation of the vinyl group, so that the steady-state level of the olefin is low (18) . Many P450 reactions (e.g. heteroatom dealkylations) involve formation of aldehydes, particularly formaldehyde and acetaldehyde. In other experiments (not shown), formaldehyde was shown to be a substrate for oxidation to formic acid by P450 2E1 (k cat ϭ 0.9 min Ϫ1 , K m ϭ 1.1 mM), although it was not as efficient a substrate as acetaldehyde (Table I ). Whether this difference is due to the extent of hydration (K eq ϭ 2300 in favor of the hydrate (61)), is unknown. P450 2E1-catalyzed O-deethylation of 7-ethoxycoumarin does not show the characteristic kinetic deuterium isotope effect on K m seen with ethanol and some other substrates, although acetaldehyde is a product (10) . The reason appears to be that the chemical step in the O-deethylation reaction is slow (with k cat ϭ 2.5 min Ϫ1 and D V ϳ 2; results not shown), as opposed to the very rapid chemical oxidation of ethanol (k ϳ 400 min Ϫ1 in burst phase) (10) . Steps following product formation have been proposed to be rate-determining for other P450-catalyzed reactions (62), but these have not been analyzed in detailed presteady-state experiments with purified enzymes.
In conclusion, we have examined P450 2E1-catalyzed oxidation of acetaldehyde to acetic acid and find many kinetic similarities to the oxidation of ethanol to acetaldehyde (10) . The significance of the second oxidation step has been overlooked in previous work with the substrate ethanol. The overall oxidation of ethanol to acetic acid is considered as a multistep P450 reaction. Evidence indicates that the intermediate acetaldehyde does not equilibrate with the medium, and a kinetic model consistent with experimental results is proposed. This model involves distinct conformations at the start and end of each oxidation reaction. Multiple forms of the intermediate aldehyde are also postulated, plus possibly distinct chemical oxidation mechanisms. The overall reaction is governed not by affinity of any of the ligands but by the rates of individual enzyme steps, with the actual chemical rates of substrate oxidations being very fast but attenuated by rates of other steps in the catalytic mechanism. This view of a P450 reaction differs from the concept that selectivity is dictated by static binding interactions with the substrate in the oxidized protein. Whether or not the conformational change during the course of the oxidation postulated here will be a general feature of other P450 reactions is unknown. 
